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sa Ha it Be 


ABSTRACT 


The kinetics of the reversible binding of cyanide by 
Catalase was studied at 25° and an ionic strength equal to 
O.11 over the pH range 5.6 to 9.6 by means of a temperature 
jump apparatus. Analysis of the pH dependence of the bi- 
molecular rate constants is consistent with the presence of 
two ionizable groups (heme-linked groups) with pK values of 
Oe wancde9 sc. 

In another study conducted on a stopped flow apparatus 
results on the kinetics of the binding of reac top acto— 
peroxidase were obtained. The results are consistent with 
a mechanism in which HF binds to the active site which con- 
Eaimsenosgroups Capable, Of 1oOnization in the pH range of 
the present study. The specific rate constant for the bind- 


ing reaction of HF to lactoperoxidase is 9.7(+0.4) x Ae? 


ee Secuan The reaction was studied by means of a stopped- 
flowsappasatus at 25° and an 1onic’ strength of 0.11. 

The kinetics of the reversible binding of cyanide to 
ferriprotoporphyrin IX(hemin) was studied at 25° and an 
LONLeestrengei.ot 10, Le oversthe pH range.6.25 tom107, by. 
means of a stopped flow apparatus. Two relaxation times 
were observed between pH's 6.25 to 8.5. The most reasonable 
mechanism that will explain the Kia data involves four 


Pp 
hemin species in solution with pK values of 6.82, 8.0 and 
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ange “8% 22 







ny 7 ie 
>. “Al 
“? 7 Si 
| 
- 7 
om ae Tz ; 


- aay ee | ae 
i, i 


” 


arty rsiw anStakanon ei Bed |, ted Ie alaylena By 
££,¢ Jo adiley IM ativ aozowge: Aba amy Io egnweem 


‘oa 


7 hoe ; ; : — - 

7 - 7 7 - : a a 
‘-) oa ae 
ae 7 a Pa es 


¥ - oS 
: » 


ACKNOWLEDGMENTS 


It is a pleasure to acknowledge the support of 
Dread. b-s DUntOord, the supervisor of this work. 
Discussions with other graduate students are 


appreciated. 


to ttonque snf 
tinwW Bara 


Sy8 Bs /repy7s 


“t= 







S 


, : 
aphelyog ton of siyeasty 6 62 IB i989) | 


fo 1oetvismia sd? ,baotaud .@ .8 ad 


sfiwSesp: 2996 istw anokazvopid 


ham tyenggel: P 


Ghapeer al.. 


Chapter (2. 


Chapter 3. 


Appendix I 


—-Vi- 


LAD Ol CONTENTS 


Phebe NET ICSORRCYANTDEGBINDING BY 
BOVINE LIVER CATALASE 

introduction 

Experimental 

Results 

Discussion 


Lreerature cited 


Die sh LNE ECS SOF FLUORIDE BINDING BY 
LACTOPEROXIDASE 

Introduction 

Experimental 

Results 

Discussion 


LbLtvercature cated 


CoE KUNE DCS sOF THE BINDING OF ‘CYANIDE 
TO FERRIPROTOPORPHYRIN IX 

introduction 

Experimental 

Results 

Discussion 


Literature cited 


Eguation for a steady state mechanism 


53 


53 


sy 


61 


o2 


105 


Ow 


en an _ 
















vo awteMra 26thays In Sone et 
UPAIATAD SOV SeDvOe 

L a nriseubortel 

vt Lintowimd egos 

si | atinea® 

BS  fobeemasled 


ot hativ Sadtesesid 


er Ye DuToia AckIAGGIT. 30 PSrH SEY .& ssdqmdD 
: IMAG 1 XORASOTOAI 

ge HiJsebouginl 

Ob isinemsasoga 

Ab | as luaoa oe | 

bb noteevoesed 


S2 hots. sautaegavid i? 


tz TELBAYS FO ONTOULE GUY 1) SSSPERIA BET .£ 199ged> 
| xT MLATE TOYOLOs SAAR or | 

~ anLIsuvhessnat 
istnombisgel 





-vii- 


Appendix II Equation for the titration of hemin with 109 
cyanide 
Pppendi xe LiIeMethod iforethe separation of relaxation ARE 


times 


“S280 oe Se ee ne 








: - - q 7 @ 
p : : eet ee 
aT : 7 a ye 
of! aiiw ctmud to holdestis oft 203 Aoteepa IT xsbaeqga | 
7" ‘es “cen ae 
ctr noitsusiex 2o aolyeaaqen st? 2OF Godse TET whteegee 
: gombd 


Chapter, i. 


Chapter 2. 


Chapter 3. 


I 


dla § 


Naat 


IV 


VE 


ek 


bee 


-viii- 


LIST OE STABLES 


Properties of various catalase- 
protein moieties 

Comparative methods for the deter- 
Mmrnatront orm the ratio “of “bile pigment 
towMecotca) Henin 

Dissociation constants for complexes 
of human blood catalase 

Dissociation constants for cyanide 
binding to several bovine liver 
catalase preparations 

Rate and equilibrium constants for the 
binding of cyanide by bovine liver 
catalase 

Rate and equilibrium constants of 


simplified forms of mechanism II 


Kinetic data on the binding of fluoride 


by lactoperoxidase 


Dissociation constants for total cyanide 
binding to hemin 

Dissociation constants for cyanide ion 
binding to hemin 

Mean lives for the binding of cyanide 


by hemin 


24 


26 


35 


48 


es 


74 


86 





“tie G2 


pisear wo Tams 


- + 


~ 


$s + ~spsladay 2avoinsy. 20 soksregqn ss 


asitvlah nistew 


+ 
re 
fi 
Wl] 
Ls 
av 
te 
| heal 
{ 
1 
4 
S 
Ve 
Le 
hi 


neti] Lesoz as 


‘ bn > @Z Sss2ano> 1Gr>2pesid 
i? 4-< 5 is LE ae 

: Sts lteiso 

a = ~ oar 4 af oF 


asl e2E> 

E io bis . SFo 

- ay ay ei: 7 z me +z atese 
— S bP eo a ar a's << 


Se. s6ivocgi=? ic : i’ si? pe Sch 234g5ni2 


stab lxctrsg0sask yl 


OP, e@hinays isto? yot e2cscaaoz: no lisisoeaia 
tise of) paibais 








a 


3 red 
a by 
2 : @ 


— - _ 











I 





at 


rtY 


{Vv 


4 
* 
fe 






IV 


Vi 


VII 


=a 
Rate constants for the binding of 89 
cyanide by hemin 
Dissociation constants obtained from 91 
kinetic data for the binding of cyanide 
by hemin 
Rate and equilibrium constants of mech- 97 
anism I 
Rate and equilibrium constants of mech- 101 


anism ITI 


wywer rn ate an aaa © i a, 

















ene a 
wa 20 spd ait 09 a sved vain ele e : 
| eS | al sbianys ' 
ce mst bantintds aime r ais coigskaekext ¥v aa 
Sbineyn io paiBeld efz to} ‘eo5b sitonta 
ekeitath yt 
2 ~Waam Is stnddanos wubidil dupe os. Sua IV : 
| Ty makers | 


— 


{01 -tinsn 20 esredaence mubjzdiliuvpe bie S3Ba ITTV 


Liv Me ins 





Me ee 
: ms 4 


Chapter 1. 


iol eObeeLGURES 


The absolute absorption spectra of liver 


‘Catalase and its complexes with cyanide, 


azide and fluoride 

The effect of pH upon the dissociation 
constants of catalase complexes 

ORD curves in the UV region of liver 


CataVasesct Za >) 05915 and 20... 37 


ORD curves in the visible region of liver 


catalase of [Resa Fee TOMES rebate dOhnest/ 

The sedimentation velocity patterns of 
Diy Cmca balocewO fen a/e aU. 9,15 

The reduced pyridine-hemochromogen spec- 
tra or shemin and) liver catalases of R.Z 
= ens) eieyel Airey) 

The reduced CO-pyridine hemochromogen 
spectra of hemin and liver catalases of 
Reo eae) sO uma TIC Oe Ou, 

TiCratilOn CcuLvescsOL VabiOus liver scata— 
lases with cyanide 

Plots of reciprocal relaxation times vs 
total cyanide concentrations at various 
DHESe tor the bingingeot Cyan des by saves 


catalase 


5 


16 


18 


iS) 


20 


Zu 


“58) 


ez 


0% 


S 


ferik % ottonge woisgnroids STHloRae gat 


, wrannys aviw 2hianiemon esi has 2B 06960 
‘ ehixould bap ohias 
poiseindseib Stic roqy Hg to 225%i%a eit 


eskatigmoo sa#biazeu to BInSaeAOD 


‘tavel To hOie57, VU et) wr covaso O80 


m7il to so}pet oidial? vid. ai sevi7s, Gap 
164.9 Daw £12.00 = SH ea 12a L BIAS 

ia zitassseq Yl itolisy noitasaenitose: off 
2f{2.0 2 1 0 Seei0369- tevil 


~ ode 


fapometAoaed-“nabtizyyn besvbsa oT 


Osh« TQ apeal ays: wil Eas aimed) to ee 
S,0 bts cLe2,0 = 
Spormeriveraw es ibiaya-OD beste: sAT 
36 8eg6isteo t4vii Bra otned to. éaAbeaqe 
T8.0 boa €f02.0 = 230 

=a250 xevil auoitev io soviw> aAolijaxcizt 
SULNBY? ttiw eagst 


ase onesie: ser seston eft 


7 < teas sw une 


















Chapter 2. 


Chapters. 


see 18 
Psevde=Limst-ordern plot for the 
reaction of lactoperoxidase with 
fluoOnvdemea tapl —4..02 


BLOt of log, 4 k vs pH for the 


lapp 
binding of fluoride by lactoperoxidase 
Piltoteot Seca” + K,/ (H)) vs pH for the 


binding of fluoride by lactoperoxidase 


Ferriprotoporphyrin 1X 

Plot of absorbance vVsi various concen- 
trations of hemin 

Influence of pH on the molar absorp- 


Give Lesmon nemiag 


pH titration curve of KCN in 44.5 weight 


see uhanol 

Plot of molar absorptivities vs wave- 
length of hemin and hemin-cyanide com- 
LUE SS: Ghe. Biel Aes) 

Plot of molar absorptivities vs wave- 
length of hemin and hemin-cyanide com- 
plexes at pH 9.5 

Plot of absorbance vs pH for hemin- 
cyanide complexes 

Typical titration curves of hemin with 
cyanide 


Test for a steady state mechanism 


49 


50 


oth 


54 


62 


63 


65 


66 


68 


69 


70 










a} S44 3xoOF Sod réfhec-teyitoheeed I 


ftiw sashlmossqoanes to fers apes 


x 
fc), deeds ahrtovit 
wth aa¢ sot Ha°e% BI pal toO-Zolad 4 
ras a. aa gael OL" 
i) | i.e}? , > eat La re 
te i 2 t l { : ] tA ig t é 
ast ‘ ea J ritid 
— 
= ¥ { 4 
. srx7msi ft .& 3ecqaag ; 
' 
| s iq & 
’ 
i ¥ 
;- ? 
A i 
t 
—a Pe r ’ Ps 7 tc ' g - 
a e9noig 
= 
va —7 5 < 4 ] sf 7 ’ 
“HOO SOLHBYO—11m9 hos 9 5 4 otref 


a: A sexsiq 





“filme Joi Gy ay Songdtiada 40 4619 


“"j 








Sie. paig Sbinsys 


Seema * 





7 Bihon ay 


ry vets 


10 


ee 


ie 


AS) 


-xXii- 


Typical oscilloscope traces for the 
reaction of hemin with cyanide at 


various pH values 


A typicalpplotefor the separation of 


two relaxation times 

Plot of reciprocal relaxation time, 
lft, vs total cyanide at various pH 
values 


PIOcwOnmlecsploOcal melaxation time, 


Z 
CN 
day Gai 5 WKS 0 4 . 
3 Chak oe A) M at various 


i 


SPH values 


14 


1) 


16 


iy) 


PUOU OLE ees actOtal cyanidesat high 


pH values 


Test for a steady state mechanism for 
the one relaxation process at high pH 


eh ea okey, 1, vs pH for the binding of 


lapp 
cyanide to hemin 


PelOLO Lek VS ple tor the binding: ot 


Zapp 


cyanide to hemin 


75 


81 


82 


83 


84 


85 


98 


102 


oF 


AS 


qemis agivdakelou- ow? 
oe mis mos knaies wate Pa) tol 
iq at ‘a Bidneyve [6993 ev , 70 
| esgicyv 
Le Ceres HO) rGig?t SAW P20 > Bf {4 
; » - oe av .eXt 

slior: i Gi a4 a) all 
aiav lig 
a r iad za 4 to soft 
“ustley Hg 
74 272 weinénnadt steve yheate F “098 fest 
au? fipig se Wag SOT) Beale gute St. 
f 2a galoaid GAY 26r fie av , i 70 2064 


=0i 


Lo, pa tboutd 


« : % 


ofl 10? ial: eygoeatt cine Reba ut 


di ie. miinvel ” nol tame’ 


antiiny tit BUG IBY 


SE eh insyo 


tone kexagn eit soy Jolg (sotqyt’ A 


Ol aad: oc SD iLNGYo 


ait) x92 \fAa to sof 


ai 


Tes * 


ebindit oy abiasye 



















fi 


cf 


eT 
- 
' 
_ 
hf = 
af 


vi ve 





-x1lii- 


General santroduction 


During the period of the author's research, three 
separate projects were undertaken which are organized 
into three separate chapters in this thesis. Each 
chapter is intended to be complete in itself with regard 
to an introduction, experimental details and discussion 
of they results. 

Chapter 1 and chapter 2 deal largely with the 
Minetucs of .they binding, of cyanide. and fluoride to: cata— 
lase and lactoperoxidase respectively, and chapter 3, the 
kinetics of the binding of cyanide to ferriprotoporphyrin 


IX in 44.5 weight % ethanol. 
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CHAPTER 1 


THE KINETICS OF CYANIDE BINDING 


BY BOVINE LIVER CATALASE 


IneroauccLon 


Catalase is an enzyme which catalyses the reaction 


2H,0, > 2H,0 + 0. 


anecOncrast to the Barostdages such as horseradish 
peroxidase and lactoperoxidase which are noted for their 
catalyses of oxidation of other substrates in the presence 
of hydrogen peroxide. It was demonstrated by Loews in 


L90,) that thejrapid decomposition of H 05 by tissue 


2 
extracts was catalysed by one specific enzyme which he 
labelled catalase. 

Catalase has been found in the great majority of 
organisms examined. In mammals the highest concentrations 
are found in the liver and erythrocytes, and catalase 
obtained from these two sources has been intensively 
investigated. 

In Table I, taken from Nicholls and Sanenbauns. 


some properties of catalase from various sources are 


summarized. 
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Tneceneralwecatalase has four ferriprotoporphyrin IX (hemin) 
groups per molecule. However, catalases from horse and 
bovine liver contain less than four hemin groups per 
molecule, and this is due to some hemin being degraded to 
bile pigments>, probably by (reactions occurring during 
attempted purification of the enzyme. Lemberg and Lecges 
have developed a simple spectrophotometric method of 
analysis for determination of the molar ratio of hemin 
cConveneecato.bile pigment sto.total hemin..«-sInyTable Lilia 
comparison is made by them of the spectrophotometric 
determination of bile pigment compared to the older acetic 
sc losmet hocrem Das terentapropanrationc are=given arbitrary 
Gesagnuatroussinerticoesrirst column of Table Ii. It can 
be seen from the second and third columns that the two 
methods agree quite well. 

The hemin nature of catalase was established by 
Zeile and Hellstrom’. Unlike peroxidase, metmyoglobin® 
and methemoglobin’, catalase does not form alkaline 
derivatives>. Neither does dithionite reduce native catalase 
to ferrous form, and the maintenance of the protein 
structure seems to depend on the presence of the hemin. 
Removal of the prosthetic group gives a denatured apoenzyme, 
DU See UCCS DUPE CING eI Sasi arco hat. OF peroxidase®’?. 
Since the apoenzyme is so unstable the nature of the binding 
of the hemin to the protein moiety has so far not been 


determined. 
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TABLE II 


Comparative Methods for the Determination 


of the Ratio of Bile Pigment to Total Hemin 


Molar ratio: Pte pigment hemin 


total hemin 


Ox liver catalase Found by acetic Found by spectro— 
preparation acid methoat> photometric analysis 
F. Os Sauk OSES) 
Doc OrszZ 0283 
E, 036 Om Sire} 
Dy Oe Sei 0.40 
E, 0238 0.38 
Nig 0.40 ORAs 
E3 0.44 0.44 
Hy 0245 Ona 
Dea OAS On4s 
Db 0.49 Des SH 
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With regard to the type of the ligands binding to the 
fifth and sixth positions on the hemin Fe(III) ion of cata- 
fase, Britt and nate” believe that catalase is a 
"dicarboxylate or less probably a carboxylate-water com- 
plex". This conclusion was reached by a comparative study 
of the reduction potentials, magnetic moments and spectra 
of the heme proteins. They believe that myoglobin is an 
imidazole-water complex. This has been confirmed by X-ray 
studies? which show that the imidazole of a histidine 
residue and water occupy the fifth and sixth positions of 
thes fermeic ion. slnenerore, the conclusions (on \Bridl and 
Williams probably bear a close resemblance to reality with 
regard to catalase. 

A number of ligands bind to catalase, and Figure l 
taken from Keilin and Hartree” shows the absorption spectra 
of catalase (from horse liver) and its cyanide, azide and 
fluoride complexes at pH 6. From X-ray crystallographic 
studies on myoglobin complexestt/12, the ligand is found 
on. the sixth position of the iron, having replaced the water 
molecule, and most probably the ligands bind to the sixth 
position on the ferric ion of the hemin of catalase as 
well. There are five unpaired electrons on each ferric ion 
for the azide and fluoride complexes of catalase, as for 


catalase-water, but the ferric ion of the catalase-cyanide 


complex has only one unpaired electron’. 
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Figure 1. The absolute absorption spectra (molar absorp- 
tivity vs. wavelength) of liver catalase and its complexes 


with cyanide, azide and fluoride . 
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Chance’? studied the reaction of catalase with a 
number of ligands, and the dissociation constants are 


given in Table Tis. 


CABLE LI 


Dissociation Constants for Complexes of Human 
Blood Catalase with a Number of Different Ligands, Based 


Upon Free-Acid (HA) Concentration 


Ligand “Diss ~ [CatHA] 
CH,COOH yes iy 
HF | Aes One 
HCOOH Asahi 
HCN TEL OS 
HN, A algy © 


Figure 2° shows the variation of equilibrium constants 
WithiepiefOlecatalase complexes. In each case the reaction 
follows the equation: 


Ky 


CatH.,O + HA = CatHA + HO (15) 
k 
-1 


For most of the ligands studied, the equilibrium constants 


are proportional to) the amount» of undissociated@acid: presen. 


*Cat is an abbreviation for catalase. 
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Although the reaction with cyanide approximately follows 
Me aececrease in the affinity of blood catalase for 
cyanide occurs at pH 8.5 that cannot be attributed wholly 
to the acid dissociation of HcN??, 

Over the range from 7 to 98% saturation of catalase 
with cyanide at pH 7, there was no change of the dis- 
sociation constant of the catalase-cyanide complex in 
excess of experimental error, and thus no detectable 
hemin-hemin interaction?*. 

Chance** studied the reaction kinetics of the for- 
mation and dissociation of the catalase-cyanide complex 
spectrophotometrically by the rapid flow technique, and 


ad = 
obtained a value for k, (eq 1) of 9.0 x ‘ga M sec 


i 
ae eee 


at 


pH 6.5 and for k_ Aer pume Uma nano sec ~ 


ies 
ge pu 4.6. 

In view of the study by Chance of the HCN binding 
to catalase, it was considered reasonable that a similar 
study of the binding of cyanide to catalase over a wide 
pH range, might yield some information on the environment 
of the hemin moiety, and by studying the problem with 
a temperature jump apparatus, further information may 


have become available for reaction velocities outside 


the stopped-flow range. 
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Experimental 

Catalase was isolated from bovine liver by the method 
of Shirakawal®’?/, Although several liver preparations 
were carried out only about 10 mgms of catalase were 
obtained with an R.Z of 0.915 (the 406mu/276mu absorbancy 
ratio). However, large quantities of liver catalase with 
R.Z numbers ranging between 0.2 and 0.8 were obtained. 
Liver catalase with an R.Z of 0.87 was also obtained from 
Boehringer - Mannheim Corp., N.Y. Catalase concentrations 
were determined from absorbance measurements at 406mu 
using a molar absorptivity~/ qreot ons pofoema cm +. 

Doubly distilled water was used to prepare all solu- 
tions. Inorganic chemicals of reagent grade were used 
without further purification. Fresh potassium cyanide 
solutions were made up for each day's experiments. Sodium 
cyanide was not used as sodium ions interfere with pH 
measurements at high pueun A Beckman expanded-scale 
pH meter in conjunction with a Beckman 39183 combination 
electrode was used for pH measurements. Both a Beckman 
DU spectrophotometer and Cary 14 Recording Spectrophoto- 
meter were used for routine absorption measurements. 

The temperature jump apparatus was built in this 
laboratory and has been described elsewhere’ >! The 
discharge fromeav0t Leuk capacitor *chargeds toMZz2kvV was 


used to cause a temperature jump of about 6°C. The re- 


action cell was maintained at 19° so that temperature of 
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the kinetic experiments was approximately 25°C. For each 
temperature jump experiment, 10 ml of a solution was used 
that contained 0.1M KNO, (to conduct the discharge current), 
oO” U0 #x ton’ Mecatalase,--l ss i ome MESO: 5714 x 10° M potassium 
Cyanrde sand a butter of loniestrength’ 0.01.44 The’ total 
ionic strength was 0.11. The buffers and pH ranges covered 
Woe ees plate oOm—-lec. Oem ienomto. Oe O20 sand glycinate 
ate 976" Temperature jump experiments at a’ given pH were 
conducted on five to six solutions covering a range of 
cyanide concentrations of about 50. ‘The relaxation to 

the new equilibrium after temperature perturbation was ob- 
served spectrophotometrically at 430mu and the results 
displayed on an oscilloscope. Photographs of the oscillo- 
SCOpem@elices avere take and avalues* OL tnie=voltage’ at a 

given time were read from them using a photographic en- 
larger. In general at least three experiments were per- 
formed on any one solution and the average of the relax- 
ation time constants was taken. Differences between 
amplified photomultiplier voltages displayed on the oscillo- 
scope are directly proportional to differences ain, the 
intensity of light transmitted by the reaction solution. 
These in turn, because of the small overall change 

(ca 1-38) in transmitted light intensity during reaction, 
are good approximations of absorbance differences. Con- 


sequently plots of pin(Vessev) aS polme were useds Co 


determine the relaxation time constants, 1, which ranged 
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between 19 and 115 msec. 

Values of K dissociation, as defined on page 17, were 
determined at a few pH values spectrophotometrically at 
25°, by titrating a saturated catalase-cyanide solution 
PitOmamcatarascen Solution. e1his obviated all, dilution 
effects. 

pHemCOnCcent rat OnsOn protoporphyrin. IX.on the, pro- 
tein moiety was determined after conversion to pyridine 
hemochromogen by spectrophotometric measurement at 


Seid june USindwal molar extinctions coerficient of 3.4 


x 107 wee eno 


The ratio of bile pigment hemin to total hemin was 
measured spectrophotometrically after conversion of hemin 
and degraded products to CO-pyridine hemochromogen’”. 


The ratio of bile pigment to total hemin can be calculated 


from the formula: 


(Ag 30/As 70 = (ORO, 76 (0a lia oe Ag39/As570 +0296) (ay) 
where A = absorbance. The absorbance at 630 mu is due to 
the presence of bile pigment. 

Thesnotecularsweigntsotecatalase of )R.Z1— 10.91 5ewas 


determined by using the Archibald method at 5200 r.p.m. 

at 20° on a Beckman Model E Analytical Ultracentrifuge 

deapHed. Usands0. OZ molars pnosphacesbuLtern; ondmencecaca— 

lase concentration was 3.5 mgms/cc. The partial specific 
210 


volume of catalase was assumed to be 0.730 - We thank 


IDpen Wee WUly Ie hy Ghetsh Whaley Ole Aarbau for this analysis. 
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The optical rotatory dispersion of catalase with an 
RZ of 0.915 and 0.87 was measured on a Jasco model ORD/UV-5 
recording spectrometer at room temperature, at pH 7.0, in 
0.02 molar phosphate buffer. The absorbance of catalase 
was kept less than two in the wavelength regions of 
interest, to eliminate rotatory artifacts--. The values 
of specific rotation were calculated using the molar 
concentrations determined spectrophotometrically anda 


value of 240,000 for the molecular weight of orvawaeauss 
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Results 

TMerenaresnOs,SuiLLts vin the liver catalase spectrum 
Overs eiespierange 5.60 to79e/7. «Below pH 5.5 liver catalase 
rapidly precipitates and above pH 10 there is a spectral 
shift to shorter wavelengths characteristic of hematin 
dissociation“. The Soret maximum of the catalase-cyanide 
complex occurs at 426 mu with a molar absorptivity of 
2.64 x010° Mot cm -. 

The optical rotatory dispersion curves for catalase 
of R.Z = 0.915 and R.Z = 0.87 are shown in Figures 3 and 
4 plotted as specific rotation vs wavelength. Figure 4 
shows a single peak Cotton effect in the Soret region 
near 400 my» and the curve in Figure 3 shows a minimum 
ate2ooemp. “The specific rotations for catalase are 
negative at all wavelengths from 220 to 500 mu. The 
Cotton effect in the ultraviolet region indicates the 


23,24 
t 


presence of a-helix and as a quantitative measure 


of the amplitude of this trough, the reduced mean residue 


TOCACTON | LR | Has beensused. — The values: of )[R “a 


eS 238 
PORE CaotalsscevOt ho > On9l> andaRoZe— 0.07) were calculated 


from the formula: 
| 
3M, fa ] 


[R'] = 
2335 2 
100 (n533 


2a 
+ 2) (2) 


where the refractive index for water, N533 Was taken 
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The sedimentation velocity patterns of liver catalase 
of R.Z = 0.915 are shown in Figure 5. The reduced pyridine- 
hemochromogen spectra of pure hemin and catalase of R.Z's = 
0.915 and 0.87 are displayed in Figure 6. The spectra of 
the two catalases were corrected to coincide with the hemin 
Spectrum at oO7 sil amet Ounemymeontarns the’ reduced CO-pyri- 
dine hemochromogen spectra of pure hemin and catalase of 
Ro40s = 0.91 58andeoco7aeeloemspeccrasof the *two catalases 
were once again corrected to coincide with the hemin spec- 
truneacs/ 0pm. es the bilesp2agment., / total hemin ratios for 
both catalases are 0.24. 

The équimnecmn and kinetic behavior of the catalase- 
cyanide system at a given pH is consistent with the follow- 


ing equation: 


k 
lapp 
CatataCN #2222" CatcCn (ay) 


K_iapp 





TWiemelecavlony CucvesrOte L1versGatalase™s (Withia Variety of 
Regus) Withetocalecyanide, ale snown 1n Fagures8. All of 
these curves showed single inflection points, the log{CN], 
values of which were considered equivalent to the pK values 


Of the dissoclaeronyconstancs: 
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Kee, 
Diss [Catcn] (3) 
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The superscript bars indicate equilibrium concentra- 
tions. Since cyanide was present in large excess, its 
total concentration can be regarded as equal to the equili- 
brium concentration of unbound cyanide. The values of 


K arebuusted in Tablewtlv. 


Diss 

In all temperature jump experiments only one relax- 
ation time was observed. The kinetic behavior is consist- 
GNntawathieequation 2, Lornywhich the reciprocal) of the time 
COnSstaiepen, describing the TLelaxation to equilibrium for 
a system near equilibrium is given by the following 


equation?>: 


leak ({Cat] + [CN]) +k (4) 


lapp —lapp 


The values of [Cat] and [CN] are the equilibrium values of 
free catalase and cyanide. However, since the concentra- 


tion of total’cyanide [CN] was generally much greater 


OF 
thenethnat ot catalase, the sum ([CGat]= + [CNJ) can be 


approximated by [CN] 9- Therefore, the values of Sinpp 


and K_iapp were obtained £rom the Siope and aGntercept of a 
Pictgot sles [CN]. Examples OteplOtsrO re lavc [CN] 9 are 

T Af 
SOW Meier Gen Jee Nea Vvat uesmOs Kapp and K_ app obtained 


in this manner are listed in Table V. This Table also 
contains the apparent dissociation equilibrium constants 
from kinetic data as well as from spectrophotometric 


Measurement. A plot of k VsepH, Which iSeasCuULvVe with 


lapp 


aymaximum atepH 7.5, is shown im “Figure 10. "Because of 


the errors inherent in the temperature-jump technique it 
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Dissociation Constants stor Cyanide Bindima ato 


several Gatalase Preparations from Bovinesliver at 25° 
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TABLE IV 


Dissociation Constants 
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Figure 9. Plots of reciprocal relaxation times, vs total 


cyanide concentrations, at various pHs, Lor) the™binding 


of cyanide by liver catalase. 
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TABLE V 


Ratewand Equilibrium Constants for the 


Binding of Cyanide by Catalase from Bovine Liver at 25° 


[Cat] [Cn] 
Experimental apparent Ky; = —————— 
rate constants ee [CatCN] 
ip 
k ke From Spectro- 
H y TAPP ay aa kinetic photometric 
P (M sec -) (sec) data determinations 
5 is 
5.70 De Gie ve 18 6.60 2.39 x 10 
aw Te, ee 9.00 il Me se 
6.79 Weir AUD 
6.83 17 x 10° 4.00 DB, MMe) Se WHS 
Cees m5 105 9 2-00.) 1-70 x 107° 
6685 Das OLD 
6 = ba 
695 Tou eo 5.50 BMS OSCE 0 i se a6 
6 “ys Be 
7.10 kay podiile 525 £72 LO TOON EID 
7.92 MGS se Ue 4.50 STS omc 
8.50 SG se AO 5.80 Oe eae 
8.80 es RG 
8.85 BGS ox ee 6.00 OG se Gwe = 
iS 5 52 
9.60 Oe ss WG 8.15 BOR se ike BOS ew 


*Al11 the kinetic experiments were done on Boehringer-Mann- 
heim liver catalase preparations with an R.Z = 0.87, 
except. atsithws pi which thadiantR WZ (on 20. Se 


9F 


For the Spectrophotometric determinations of K the 


Diss 
R.Z's of liver catalase used at these pH's were: a, 0.915, 


b, 0.87 and c, 0.65. 


" tia a8 oe qaoxe 
geo:t0dq034-2098 aig 





app. fae (m7 sec} 





pH 


Bigune, LO. Plot .of WSieveye vs pH for the binding of cyanide 


+ shown for the 


LOEGatawvaSCawitly CGcrorn Lins bs.08.5 15s 


k values. The solid line is calculated using the 


lapp 
best-fit parameters of equation 5, 
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Discussion 
The results from the ORD spectra indicate that both 
liver catalase preparations are in their native or helical 


conformation. The absolute value of [R'] = -10,500 


233 
(+500) for both catalases is greater by about 15% than 

the value obtained by Yang and Samejima*® eye SEU OO © NewS 
does not mean that their catalase preparation was less 
helical or more denatured, but probably reflects the uncer- 
tainty in obtaining absolute values for degree of heli- 
Grist The presence of a single peak Cotton effect 

in the Soret region near 400 mu is shown in Figure 4, 

The results of Yang and Samejima appear to show the pre- 
sence of two peaks, which is believed by these authors to 
be due to normal experimental errors. 

The molecular weight of catalase of R.Z@ = none as 
determined by the Archibald technique at 20° to be 231,945, 
agrees reasonably well with previously reported values of 
248,0007°, 2ST O00s. and 240,0007. FLOM Or I Gunes > sl tacan 
be seen that the preparation has only a single symmetrical 
peak. The 5°0,W ValuesOte lie 4s Stor, OulrediVerecaladase 
Ofek. 2000.9 Seis identical to that of Samejimasand Veangue 
The ORD spectra show that the Boehringer-Mannheim prepa- 
ration oLerezee1 0.6/7 is notydenatured » andgit, cangbe 
eee rie assumed that it is similar to liver catalase 


Obe Re Za UR leo. 


The reduced pyridine-~hemochromogen spectra and CO- 
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pyridine hemochromogen spectra indicate that there are 
fewer than three hemin groups per protein molecule, and 
at least 24% bile pigment for both of the catalase prepa= 
rations which we used. Thus the catalase preparations 

are essentially degraded and the presence of bile pigment 
makes the preparations heterogeneous. Most liver catalase 
preparations are partly degraded-’. 

Most.of the titration curves of liver catalase’ vs 
logI[CN] , as shown in Figure 8 appear asymmetrical at about 
pH 7, but at high pH the curves tended to be symmetrical 
which may indicate the presence of at least one ionizable 
group affecting the equilibrium constants. However, since 
OnlyeonceLevaxatholetime was, Observed kinetically, and as 
seen in Tables IV and V that the dissociation constants 
obtained kinetically compare favorably to those obtained 
ELOMBENemINELeCLLOnNpDOINtS OL the; titration curves, No 
further attempt: was made to analyze the titration data for 
disparate dissociation constants. From these Tables it 
can be seen that the pK's of the various catalase-cyanide 
preparations show some pH dependency, increasing at lower 


13,14 


and higher pH. Chance foundaino effect (ol pH on kK 


Diss 
between pH 3 and 7 for both human and horse catalase from 


Sebhee akin 2 


ELryYCNrocytes ,mOptainung a Value @OL @/—x rom 
respectively. However, £or human blood Catalase there are 
deviations above pH 8.5 which are not attributable to 


dissociation of HCN. Table IV shows that the pK values at 
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about pH 7 for catalase of R.Z = 0.915 are within experi- 
Nentaleerrors to that. obtained by Chance for horse blood 
catalase, but the pK of catalase lower than R.Z = 0.915 
have values about twice that of horse catalase. Chance 
demonstrated that there were no observable interactions 
between the four hemin groups of catalase. However, one 
may speculate that the higher pK values obtained for the 
binding of cyanide to degraded catalases may indicate a 
certain degree of interactions. Unfortunately the pre- 
sence of bile pigment complicates matters, and further 
the degraded protein may have exposed hitherto buried 
ionizable groups WoLCH Can NOW atrece tne binding. cOon— 
Stamnes andr protein +Stabilicy. This as noteworthy as liver 
catalase preparations rapidly precipitate below pH 5.5, 
whilst catalase from blood erythrocytes do not. 

Although only a relatively small number of kinetic 
determinations at various pH's were carried out, it was 
still possible to obtain a reasonable mechanism for the 
binding of cyanide to liver catalase. 

If catalase had no ionizable groups involved in 
cyanide-complex formation then “ese should have limiting 


values at low and high pH and the k values at inter- 


lapp 
mediate pH should lie between these extremes. Obviously 
this is not the case and a mechanism capable of explain- 


ing the rate data must involve at least one ionizable 


group. 
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The next simplest possibility is mechanism I, in- 


volving two species of catalase reacting with CN and HCN. 


1 
CN 
HP + kK HP (CN) 
HCNeeaee 
k 
Ky - 3 (I) 
CN 
P + ky P (CN) 
—- 
\HCN 


Protons involved in ionization equilibria have been omitted 
from this reaction as have charges on the enzyme species 

as they are unknown. The form in which cyanide is bound 

in the complex is unknown, and the dissociation Pere con 
paths have not been indicated since here only association 


aig) 


rate data are of interest. The equation for hve 


terms of this mechanism is: 














Spel 4] 
k, + 
Th Ky [Ht] RE 
levers Se (5) 
K) Ht] Ky 
Le os th Ee + 
[H ] L L 


where Ky 1Sethe dissociation constant -of HEN corrected, £or 


tonic strength oll 0=be=Witth=chemardeofeasnonianear least— 
squares program>° eq 5 can be used to yield the best-fit 


values for the rate constants, ky to ky andor eLhnesdissoc— 


from an analysis of the k data. The 


Al lapp 


data could not be fitted within experimental error 


dation constant Kk 


Kiapp 
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using eq 5. Consequently a mechanism capable of explain- 
ing the observed forward rate data must involve more than 
one ionizable group in the active site of the enzyme. 

The simplest mechanism that will explain the data 
satisfactorily involves two such groups and in its general 
form can be written as mechanism II. 


k 
[on ok 
aie HP (CN) 


MG 
K | \nen rie 














k 
Chee 
HP + Re HP (CN) 
| HCN eM (IT) 
3 | ac 
CN 
Pp + k P (CN) 
10 
CN 
From this Lt can be shown that 
kK, KK 5K 
ng i ana Poe 
LH) [Hal 
k en ee ee ee 
lapp K, KK, CHa) 
(1 + e SF Sora (Cake K ) 
LHe] Pome] L 
F SHS IS EGS 
6 3 + v + 
[Hel i) 
' K Keak (6) 
2 a ets) L 
(1 + rer + 3) (1 a + ) 
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There also exist two simplified forms of mechanism II 
(mechanisms IIa - IIb) which will reproduce the forward 


rate data and which predict exactly the same values of 


Ki app atv any given pH: 
a ke 
He Pete Ci@ atu sPieN) 
Ogio} 
ay (IIa) 
kK, | 
P 
H,P 
Kee) i 
HP + HCN —*>. HP(CN) (TIb) 
SP abl 
P 


The best fit values for the rate and equilibrium constants 
for both simplified mechanisms obtained using the nonlinear 
least-squares program are listed in Table VI. The existance 
of two simplified versions of mechanism II giving equivalent 
Epcoetouthicedataswis due tostheminabvlity of theskinetic 


method to distinguish between reaction paths such as: 


HP + CNs 


and i 





ease ile 


in which the total number of ionizable protons on the two 
reactants 1s the same but the positions of their attach- 
ment are different. The fit of the Seay values predicted 
by eq 4 to the experimental data using any of the two sets 
of constants in Table VI is shown in Figure 10 where the 


solid line gives the predicted values of k The pK 


lapp’ 
values for these ionizable groups are 6.1 and 9.8. No 
attempt was made to analyse the reverse Pete data because 
of the random nature of the experimental points. 

It must be emphasized that the kinetic mechanism 
obtained here presents merely a reasonable possibility with 
respect to the few experimental points obtained. It also 
presents the kinetic behavior of a catalase system with a 
large amount of bile pigment present and it is thus necess- 
ary to do a comparative study with intact catalase, and 
with liver catalase free from bile pigment before any con- 


clusive statements can be made regarding the kinetic behav- 


ior of catalase. 
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TABLE VI 


Rate and Equilibrium Constants 


of Simplified Forms of Mechanism II 


Constant a b 
kK, ELGAU) = ee eee | 
kp | G1 so., | = ener Sear 
Ko ESP) ee Wee) ee er 


Ky Lik (eee) Se ue M Glee) aay So 
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CHAPTER 2 
THE KINETICS OF FLUORIDE BINDING BY LACTOPEROXIDASE 


Introduction 

There have been numerous studies of ligand binding 
by hemoproteins. These studies have thrown considerable 
light on the nature of the heme-linked groups*. The en- 
zyme bovine lactoperoxidase is now readily available ina 
highly purified form, but there have been no recent re- 
ports of the kinetics of its interaction with ligands’’?. 
Lactoperoxidase is a protein with unique properties. The 
heme is linked by covalent bonds to the protein>. Also 
the protein-heme ratio is higher than that of other known 
peroxidases. A study of the kinetics of the interaction 
of lactoperoxidase with a variety of ligands has been 
undertaken. We report here the results of a kinetic study 


of fluoride binding to lactoperoxidase at 25° between pH 


values of 8.8 and) 5.4: 


* We define a heme-linked group as an ionizable group in 


the enzyme which affects ligand binding. 
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Experimental 


Kinetic measurements were made by following trans- 
mittance changes at 25.0 + 0.1° using a stopped-flow 
apparatus. Absorbance measurements to determine LP 
concentrations and LP-F complex equilibrium constants 
were made on a Beckman D.U. spectrophotometer*. A Beck- 
Man expanded-scale pH meter was used for all pH measure- 
ments. lLactoperoxidase of R.Z equal to 0.74 was isolated 
by the method of Morrison and Hultquist> and precipitated 
with ammonium sulfate for storage. Stock solutions of 
LP were prepared by dialysis against 0.01 M phosphate 
buLfergatlpH tr T4: 

Reagent grade NaF (Fisher) was used without further 


purification. The wavelength used for all stopped-flow 


*Abbreviations used: LP or P, ferric lactoperoxidase; 
Rome purity enumbers: 1 .iOnic sstrength; .F and yee, gall 
species of fluoride and complex, respectively; (P) 5 


and (F) initial concentrations of all forms of peroxid- 


OQ 


ase and fluoride; (P), (PF) and (F), equilibrium concentra- 
tions of all forms of peroxidase, complex, and fluoride; 


K dissociation constant of ligand; k and 


L’ lapp K_iapp* 


apparent second-order binding rate constant and apparent 


first-order dissociation rate constant; k' is equal 


lapp 


to k apparent dissociation constant of 


(F) gi Kniss’ 


lapp 
peroxidase-fluoride complex; HRP, ferric horseradish per- 


oxidase. 
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measurements was 408my, where the largest change in ab- 
sorbance occurred upon complex formation. Solutions of 
DReand Pewenesmade wat thetdesised pH with buffer of ionic 


stren¢gtnrsaequal’ tolwn0l andwsuftfticient KNO, iso that ethe 


3 
total yw was always constant at 0.11. The concentrations 

of LP and F at each pH were such that the absorbance of 

the LP solution after mixing with F would always be within 
0.25 to 0.5 which includes the region of minimum error due 
to instrumental uncertainty. The final total concentrations 
of LP and F after mixing were 3.43 x Tome Meanck£0 S025 801. 
Sodium acetate was used to buffer the solutions over the 

pH range of the kinetic measurements. The possibility of 


buffer complexing with LP was checked by examining the 


spectrum of LP in the presence and in the absence of buffer. 


Results 

The absorption maximum in the Soret region of the LP 
spectrum shifts from 412 to 410 my upon complex formation 
with fluoride, with a corresponding change® in molar ab- 
sorptivity from 1.14 x Loe COm ae ak 10> Ma cm +, Kinetic 
and equilibrium data were obtained over the pH range 3.8 - 
5.4. Between pH 5.4 and 7 the extent of complex formation 
was too small for accurate measurements and no complexing 
was observed above pH 7. When the pH was changed suddenly 


Brome. COM somo SLOW PreClpitat 1 OnsOmecicepLOLe Tn ewdsmODS 


served; at pH 3.8 the precipitation did not commence for at 
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least ly h-eeone precipitation could besprevented by dialysis 
of a neutral solution against acid buffers. No evidence of 
buffer complexing was obtained. 

Differences between output photomultiplier voltages 
are proportional to differences in light intensity trans- 
mitted by the reaction solution. Therefore, ordinate 
values obtained from enlargements of the oscilloscope trace 
photographs are proportional to transmittances. Relative 
transmittance values were converted to concentrations by 
means of auxiliary transmittance measurements at 408 mu 
on solutions of lactoperoxidase and lactoperoxidase-fluor- 
ide equilibrium mixtures, which were idential to initial 
and final reaction mixtures in the comparable stopped-flow 
experiments. 

The general form of the rate equation for the reaction 


is: 


Stace 
eS 


Diet ae hue eee ee Die (as) 
k 
-lapp 


but since the concentration of F was of the order of Ae 


Limessgqreaterethan the Concentration, Of protein, thes or— 
ward reaction obeyed pseudo-first-order kinetics. We 
ehali= theretore, substitute a pseudo-flirst—-order Constant 
re | ameye Jie (F) 4 in the differential rate equation for 


lapp lapp 
Enis reaction: 


- 
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ie Sensn 
—_— +. 2 





Ane 


G5) ae 
Hee lap ewe daposs |) (2) 





Equation 2 was analyzed in differential form with the 
approximation of a(PF)dt by A(PF)/At. Using the chord 
approximation along with the average concentration of PF 


complex within each interval, (PF)__, eq 2 becomes: 
av q 


APE) ig = c 
Site fr lapp, /0'@ ea ay) © -lappeat tay <7) 
' 
Values of k lapp and x lapp were obtained from eq 3 by use 


of a nonlinear least-squares computer program in which 
15-20 points from each experiment trace were used. Because 
the reaction was driven to completion in order to obtain 


maximum signal changes, the k “fa data cannot be regarded 


pola 
as reliable. Equation 2 can be integrated to give 
Ce 2 
ln ——————_ =_ (k' ee (4) 


a lapp i *_iapp 
(2) ee CP) 


A plot of the left side of eq 4 versus time yields a 


straight line of slope (k' ) and zero inter- 


ase Kapp 


cept as in Figure 1. The experimental constants K lapp 


and K_iapp obtained from eq 3 and (k app + app: from 


eq 4 are presented as a function of pH in Table l. Values 


8 
Ox Kniss were obtained by spectrophotometric titration 


The results obtained at five pH values over the range 3.8 


—4 
-5.4 were constant within the range Kniss = See) CL) 


with no trend apparent. 
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Discussion 


TiCEDiROleH LORLZAttOonmatmzerO i 1s chek and after 


Corrections to y= Ovll it becomes: 269 eal Only HF and F_ 


1 
have been considered as possible binding species, The 
simplest mechanism involves the binding of the predomin- 


ant fluoride species F by LP which has no heme-linked 


groups. The mechanism can be represented as follows: 


aT 
P+ FF. Pama cacameesi |S 
{t= ” 
L 


Charges on the peroxidase species are not shown since they 
are not known. According to this mechanism, the pH depend- 
ence of k is given by 


lapp 


sal 


k | ace Ah an ena 
ely es (H") /K, >) 


Since (H") /K,, is small compared to one, mechanism I repre- 
sented by eq 5 predicts that within experimental error 
there would be no pH dependence of the values of Kiapp’ 
It can therefore be eliminated by simple inspection of 
Figure 2 in which 1097 '0“Tace 1s plotted versus pH. 


A second mechanism can be postulated in which the 


neutral lsqandeonly is binding... “[t»may betwrittensas 
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where PHF and PF are distinct species related through the 


aclamatssociation constant Kae 


The corresponding equation for the pH dependence of 


Saye ne 


" i 


k aha eaten ak 
eg K,/(H) 6D) 


+ 
Pe pLOteOt ak (Le K, / (H )) versus pH should give a 


lapp 
straight line with a slope of zero and intercept equal to 


k- From the results of Figure 3, a constant value of k 


2 mits it is obtained. Thus the 


2 
equa laco (9. /P2—0.4) ex. 10 


experimental results can be accounted for simply by the 


second mechanism. 


The values of ee obtained from eq 3 are generally 


Witla neexper imental serrom Oot the ‘Corresponding US Reyes + 


Sta datastrom eq 4. )Subtraction of the former eerom tie 


latter in principle should yield k values which, how- 


-lapp 
ever, represent the small difference between two large 


Quantieiec andmenc resultant K_ app NEVNWISES eRe Soe Meeks WAS 


wrong sign. Since the K data obtained by spectrophoto- 


Diss 


metric titration appear pH independent within the consider- 


able experimental error over the pH range 3.8-5.6 and since 


A sJouetitives, eds fin: 


Pe Ee =) 


qeisage ys havietde «ie 
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AG 


K should equal k it follows that the 


Sian eae: 


k and k data should exhibit a similar pH de- 
-lapp lapp 


Diss 


pendence. Although the k} data obtained directly 


lapp 
from eq 3 (Table I) show considerable scatter, there 
appears to be a trend of Sales becoming larger at lower 
pH. From mechanism II and eq 2 it can be shown that 
k (er) 


-lapp 
within the pH range of the present study, then (PHF) 


ach ae k_, (PHF). If the value of pK, falls 
would be increased at lower pH with a corresponding in- 
Creacominmchienvaluessot Siar Mechanism sll acherefore 
is adequate for the pH range of the present study. 
Earlier investigators were not able to detect fluor- 
ide binding by lactoperoxidase.* This might have been 
due to their preparation of lactoperoxidase since these 


workers (Theorell and Paul) were unable to establish a 


reproducible method for the isolation of the enzyme. 

The magnitudes of the Tepe data obtained from LP 
Teealeminaconttast. tO, those fox, jJHRP + bo) Similarly, the 
binding postulated in the second mechanism is quite differ- 
ent than the simplest mechanism which will account quanti- 
tatively for the binding-rate data of F by HRP“. In the 
latter case the experimental results were consistent with 
fluoride-ion binding to ferric iron in the presence of 


two heme-linked groups with pK values of 4.3 and 6.1. One 


possibility for the differences observed may be in the 
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TABLE I 


Kinetic data on the binding of fluoride by lactoperoxidase 








Eu mre. (Sa 7) kin (ST) eat spa) 
Beene 0n3 2.940.3 (gle ee LORE 
awed m3 1070-8 Ps Wa e eet )e xa ops 
EEO 21040", 2 2,040.2 (423 ae One 
AWCA 145 2052 th, TAH (120.,)'x 107 
ANT TAO) 2 Th ex) 52 (2#1.,) x 107 
moyen Wese02 (Wes) 9x 100g 
Meee 7 3078) x FONt (9-0 80.5) x 100 (625)) wexulon4 
Wage (G.o0.7) x 100 (7.4#0.7) x 10°” (523) meer Ole 
4.52  (5.140.5) x 10> (6.40.6) x 10" (140...) x 10+ 
eee 3903) «100 3-720.4) x. 101+ G2) alo 
Peco mn(oee 0-3) x 10p ye (3722003) xed00+) (241.0) x long 
MMC SME(OMDOn2) ox 100+ | (202082) x 1064 (240) =x 10m 
ERA OM INEeT On. (2340-1) x1 1015 as 
| Gilgen; Se aN | YOR GLP ky st ake (926) x 10me 
Soak) (cibade_ G8) Se GW a eG) vs a (S25). ue xml OnG 
* From eg 4. 

: From eq 3. 
NOTE: The values of Ki app in eas are given by aoe = 


Saye ENG where (F) 9 = 0.025 M. Errors quoted are standard 


deviations. 


~2b- 






Ls On 
saebinoyeqoisal ya sbixowl? Yo paibatd env do ssab 229 

















q oa + , 7 
: : ee 
a. im ew a aE 
t- : + le ' Pe ’ ; 
O aqat-* © aga 
“pr x  (te..0) €.020.5 
it,. 
" OL 2 {f+,-D) Eee. h | 
Oi x (tsb a8 $.040-8 0.6 ¥ 
"OE xf. .08E) © .9eT i | cof! a 
i] 
Gt m ty sEes) 020.1 — «$,0T.t 
*" os x (I arf S$ 0c .£ 1,046.2 Sl.b ie 
7 Pe . é 7 aoe 
OL x {e= 3) Of = (@.040.€) . of x (8.0286.%) — @eus 7 
. i ae 
c. - - oe ; 
”" OL x (£2@) “or x ff ult.) : Cl x (9. 0a@.9) oe 
Ol x fg atet) OL x tema, "OE (00st ep a 
"ac x (¢22) Eo ce (b.0¢k,85 eT x (f,.0ef,€) 6T.b ' 
S“or x (+428) "ot sc te. oat é) tor x (£.09re 8) £O,b 
_ 7 o. = 
“ore (rer) Sor (2.026..6) * OL * (8048.8) ce.b oe 


. ors (2.06.0) ore (2.0060) 





=—49= 


15 


3 5 7 9 
t,sec x or 


Figure i. Pseudo-first-order plot for the reaction.OL7 GP 
with F at pH 4.02. The left side of eq 4 is plotted vs 

, 5 th 
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CHAPTER 3 


Hee WN UConOnm tren LNDENGSOF 


CYANIDE] TO PERRI PROTOPORPHUY RIN 1% 


Ineroduction 

The structure Of terri protoporphyrin IX is shown in 
Biguceasl- sthe porphyrinaring provides a tetradentate 1i- 
gand in which the space available for a coordinated metal 
cySiel WHS Sieg y Nas Thess esyscem ets not planar but slightly 
eoncave towards the aroneatom's sixth coordination position. 
Tie hemin irom occupies)a position sateleast 0.3 A £rom the 
porphyrin plane in all hemin derivatives so far afuneaesl 
WOmOEM LHe side chains on the porphyrin structure are pros 
pionic acid groups, which, upon ionization, will Contr = 
bute two negative charges to the total charge on the ferri- 
BEotoporphyrin IX structure. When the porphyrin ring 
binds to four of the six positions on the ferric ion, two 
protons dissociate from the pyrrole nitrogen atoms, leaving 
a unit residual positive charge. The remaining fifth and 
Sixth positions, of the ferric’ zon are occupied by solvent 
molecules, forming octahedral complexes. The ferric por- 
phyrin complex is called hematin when a hydroxyl) woengis 
associated with it, and hemin when the counter ion is a 


halide or an acidic anion. Hematin has a net formal charge 
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of -2, whereas hemin, coordinated with neutral solvent 
molecules, has an overall formal charge of +1 or -1, de- 
pending upon whether the propionic acid residues are 
ionized. 

Ferriprotoporphyrin IX is the prosthetic group of a 
number of hemoproteins, such as catalase, hemoglobin and 
horseradish peroxidase. 

invalkaline solution hematin tends to dimerize?'*, 
Lemberg and Legge> believe that the dimerization in alka- 
Pine aqueous solution is due to electrostatic attraction 
between the negative charge of the propionic acid group 
of one hematin molecule with the residual positive charge 
Orethes ferric 10n lol another. Hogness> showed that cyanide 
ions were able to dissociate the dimers stoichiometrically. 
Maehly and Akeson® compared hematin-cyanide complexes in 
Squecoulcmalde el UceethanOlmesolutions, satLspie9n2 sande the 
only spectral change observed was-a slight spectral shift 
Ofechoewooret sbandylrom 425eto 424; mu, but, thesintensities 
of the bands in 50% ethanol increased by about 13%. At 
Pie cmt hoyeObtcailnedmagdlssOCciat1 On CONS cantor. om Cie 
for the binding of CN to hemin in 50% ethanol and 25 mM 
borate buffer. They showed that the extinction coefficient 


ac oS oem changed trom. 5.3) x hoe wee cm? in aqueous solu- 


4 ut cma ineoOt ethanoleeDilucionso: 


CoOL LOM Oem cami) 
the alcohol-hemin solution with aqueous buffer yielded a 


typical aqueous-hemin spectrum proving the reversibility 
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OG@etnemreactiOns | lt was further shown that the extinction 
coefficient of hemin solutions in 50% ethanol was indepen- 


dent of hemin concentration from 0.5 to 5.0 x 10° M 


at pH 10.0, and from 0.32 to 6)4x 10°° M at DHew, Beers 
law being obeyed within these limits. From magnetic sus- 
ceptibility studies Maehly and Akeson found that in both 
acid and alkali ethanol solutions, hemin had approximately 
five unpaired electrons. 

Has 2 nOd cee u an! studied the kinetics of imidazole bind- 
ang to hemin in 44.5 weight percent ethanol with a tempera- 
ture jump apparatus. In all their experiments only one 
relaxation was observed. The lack of any spectroscopic- 
ally observable intermediate led them to apply the steady 
state treatment in the evaluation of the rate data. 

The following study was prompted in the hope that a 
study of the binding of a different ligand, namely cyanide, 


to hemin, over a wide pH range, would add further insight 


into the mechanism of hemin-ligand binding. 
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Experimental 

Hemin of White Label grade (Eastman Organic Chemicals) 
and all other inorganic chemicals of reagent grade were 
used without sturther purification « 

The solvent, 44.5 weight percent ethanol, was prepared 
fromedoubly distilled water and reagent rade 952 ethanol. 
A stock hemin solution was prepared by dissolving hemin in 


CRO one eine ine Meena Seockiwas J 80axulouoM 


Pe nem piesa iid a0 ex 10° 7M NaOH. This stock was stored in 

a GeLrigeratol, from which fresh preparations were made up 
every few days. Fresh potassium cyanide solutions were 
made up for each day's experiments. 

Bysusinge the method (or Bates® it was possible to 
establish vanwoperational pHvscale. A glass electrode 
(Beckman Long Thin Probe Combination #38183) was stored 
ina selutehon GLecoMmpostiton, spilwandevonic lstrengen similar 
to that used in the experiments and was standardized with 
triethanol-ammonium chloride-triethanolamine buffer of 
Die. U5e A Beckman expanded-scale pH meter in conjunction 
with this electrode was used for pH measurements. 

The kinetic measurements were made on a stopped-flow 
apparatus” constructed in this laboratory and thermostated 
et 25 oe. 

Solutions of hemin and cyanide were each made to the 
desired pH using buffer of ionic strength equal to 0.01 


and sufficient potassium nitrate so that the total ionic 
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strength was O0.Il!f. The buffer systems employed were: phos- 
phate between pH's 6 and 8, and borate between pH's 8 and 
LOF 

The concentration of hemin between pH's 6 and 8.4 was 
desi Spee ome Diet sDet Ween Clms on) tO LO was 3.2) x tom? M. 
The maximum cyanide concentration used for each kinetic 
experiment was such that the maximum difference in absorb-’ 
ance at 426 mu between hemin and the hemin-cyanide complex 
was never more than 0.05. This meant that the voltage 
displacement observed on the oscilloscope can be taken to 
be proportional to absorbance, with a maximum error of 
arnt 

All of the kinetic experiments were observed spectro- 
photometrically at 426 my with the results displayed on an 
Oscilloscope. » PHocograpns oL the oscilloscope traces were 
taken and values of the voltages at a given time were read 
from them using a photographic enlarger. In general at 
least three experiments were performed on any one solution 
and the average Of the relaxation time constants, 7, (see 
page 7/6) was taken. For each series Of experiments at a 
given pH generally about six different cyanide concentra- 
tions were used, which varied by about a £acton of six 

Dissociation constants for the binding of cyanide 
to hemin were determined spectrophotometrically at 400 


and 426 my with a Beckman spectrophotometer at 25°. This 


was done by titrating a saturated hemin-cyanide solution 
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into aphemin solution jallgat@ansionics strengths off0l1l » 
(as described for kinetic experiments) and so avoiding di- 
lutionserfects: ™Thesinfluencesof) pHi on) hemin’ ing44:5 weight 
percent) cthanolawastobtained by titrating! arsolutionvofp2. 8 
x 10° M hemin with 0.1M HNO. and 0.1M KOH. The change in 
pH was monitored at 400 mp and 25°. The ionic strength 

was 0.11 made up with KNO 3. To maintain some buffering 
etiectyover the entire pH region, ‘the following buffers 
were used: acetate between pH 3 - 6, phosphate between 

pH 6 — 8, and borate between pH 8 - 11. Their concentra- 
tions were 4 x Wer M. 

Unewertssoci ation (constant of HCN in 44.5 weight per— 
Ceniectnanole was Obtaimed by titrating a solution of 5° x 
BOWS M potassium cyanide with 0.4°M HCl at 25°. The 
TONLCe Strength wasemace up to 0.11 with KNO 3. 

Titration curves of hemin-cyanide complexes as a 
function of pH in 44.5% weight ethanol were obtained by 
titrating these solutions with 0.5 M potassium hydroxide 
or 1.0 M nitric acid and the respective pH changes were 
MOnmLOLecrate400 8m" at25- 27) Concentrated solutioncsoneLOn 


. 


and HNO, were used so that when very small quantities were 


3 
titrated, substantial pH changes occurred but with very 
small dilution effect so that absorbance 1s essentially 
Srcnanaed: In the four titration experiments the concen- 
Craton OL sieminawas. | 0.x Ome M and the cyanide in each 
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at 0.11 made up where necessary with potassium nitrate. 

An exception were the results obtained at cyanide concen- 
tration of 0.14 M. All the experimental solutions contain- 
ed= 2.4% na M acetate buffer for some buffering at low pH. 


The potassium cyanide buffered sufficiently at high pH. 
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Results 

At constant pH solutions of hemin in 44.5 weight 
percent Spica were found to obey Beer's law as shown 
in Figure 2 for pH 7. This provides evidence that hemin 
is in the monomeric form®. 

Hasinof£’ Rae shown thacethere, are NoOesignit icant 
spectrals changes Of hemin from pH 6 to 3.6 M NaOH. jHow- 
ever, £rom pH 8)to 4.5 significant spectral changes were 
observed at 400 mp where the maximum of the Soret band 
ececurss, |The pusgtitration Curve of hemin is yhownm in Fig- 
ure 3 with an dt Vection point at about 67/7 which is in 
excellent agreement shies a previous determination by 
Hasinofé’. 

THeew@H clthalLlon curve Of HON in 44.5 welght percent 
etnenolwice shiownein Figurer4: # ihe pK obtained from the an=z 
MLeCELON sDOl ies Ss) 9.5). 

When cyanide is added to hemin solutions, “ange changes 
ioethe Spectrumpoccur. Between pH'’s 6.25 and 8, as shown 
ire igure soerOcepH 46.7, theresare no isosbestic peasants; ain. 
dicating the presence of three or more absorbing species 
such as hemin, monocyano - and dicyano hemin. At pH's 
Hignersthanepiacetherc is a well defined isosbestic Post 
Toon eASmShowl in P1lguLe Os LOL pil soc. This indicates 
the presence Of only two absorbing species in solution 
(see below) such as free hemin and dicyano hemin. Between 


pH's 6.5 and 10, the Soret maximum of the hemin-cyanide 
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Figure 2. Plot of absorbance at 400 mu vs concentration 


of hemin in 44.5 weight % ethanol at pH 7 showing that 


Beer's law is obeyed between hemin concentrations of 5 x 
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comp lexsoccurs at 426 miswithea molar absorptivity of 9.2 
x 107 a cm >, In Figure 7 the effect of changing the 
pH of hemin-cyanide solutions, monitored at 400 mu, is 
shown. The SSINCiOR fox each experiment contained 1.6 x 
ao 


10 M hemin and the cyanide in each varied as follows: 


& 3) 3 


ih oe MUO , Rr al OG NE he a 


poak Bim 
cyanide, three distinct though asymmetrical inflection 
points were obtained, corresponding roughly to pK's of 
Goipeo.>eaney 1055. sthey latter two infklection points dis- 
appear at higher cyanide concentration, with a shift of the 
remaining one to a lower value. 

Titration curves of hemin with cyanide at pH's 7.0 and 
9.5, shown in Figure 8, are somewhat asymmetrical about 


the single inflection point.  Iftthere were only two absorb— 


ing species in solution (see Appendix 1) then plots of 





AA 
g 
[CN] 4 


Vs esr (Vile) 


should be linear with the slope giving the absolute value 
of the overall association constant. As shown in Figure 9, 
these plots are not linear except at high pH for high icy 
anide concentration where there is a tendency for linearity. 
The equilibrium and kinetic behavior of the hemin- 
cyanide system at any given pH is consistent with three 
absorbing species in solution, as shown in the following 


two consecutive equations: 
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Figure 9. Test for the presence Of “two =absorbing Specwes 


in solution predicting a steady state process. If this 
test was valid then plots of AA/ICN] 9° vs AA would be 


linear. 
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DS keys 


Merete CN Gens MCN (1) 


K_iapp 


‘app 
MON 2 Cl Ses MeN, (2) 


*_ 2app 


(where M, MCN, and MCN. represent all ionizable forms of 


ds 


free hemin, monocyanocomplex and dicyanocomplex and CN all 


forms .of unbound: cyanide sk and k are apparent 

lapp 2app 
second order association rate constants and Stays and 
ace are apparent first order dissociation rate constants.) 


Ties ssOC acLOnumCOnStantus som edu sandi2y are’: 


K, = [M] [CN] (3) 
[MCN] 
Ky = [MCN] [CN] (4) 
[MCN. ] 
where the bars indicate equilibrium concentrations. The 


overall dissociation constant is: 


_ Im ten a 
(HCN, | 


With the aid of a non-linear least: squares programs, best- 


fPitevaluessror K, and K, were obtained from the following 


eq (Appendix 2): 
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it eek [CN] \ 
AS «(5 «(ast ae ae ) (XVI) 
[CN] 2 K 
4, LCN. 2 
[CN] Ky 


(where A = absorbance of the hemin solution titrated with 
cyanide; [M] 4 =EcONCentration or total heminain sovucion; 
aT asmehemextinction coefficient of hemin (M)=at avgiven 
4 ae aye 


DUM ETquEe Sy and a i) si aUe) is unknown 


2 
and used as an adjustable parameter.) Values for K) and 
Ky were obtained from data at 426 mu “and 400 my, based on 
thes assumption of both total cyanide binding and cyanide 
ion binding to hemin. These values are given in Tables 
Peas wel nesvaluess Obtained) for Ki and K, at these two 
wave lengths do not correspond exactly, which is probably 
due to the uncertainty in obtaining dissociation constants 
with this method. | 

For the kinetic experiments between pHise 6. 2eands oo, 
two consecutive reactions were epee ed as» shown in Eugure 
| 10, which were considered consistent with eqs 1 and 2 re- 
spectively. These two reactions were considered essentially 
uncoupled as reaction one was very much faster than reaction 
two (Table 3). Since the concentration of cyanide was gen- 
erally very much larger than hemin, both eqs 1 Vand eZ were 


considered to obey pseudo-first-order kinetics. Therefore, 


the simplified differential rate equation for eq 1 is 





* Total cyanide means (CN + HCN) 
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Figure 10. Typical oscilloscope traces of voltage vs time 

for the reaction between hemin and cyanide in 44.5 weight % 
ethanol. For each trace the horizontal scale is 20 Ged/enn 

and the vertical scale is 10Sem}ficm. The monochromator set- 
ting. was 426 mu. Tapetirace : pH /«65; concentration of he- 
min L.bpaele 8 M and.of Cyanide $.0°x 7p; ™. Middle trace: 
pH 7.9; concentration of hemin 1.6 x 10-© M and of cyanide 
2.0 x 1074 M. Bottom trace: pH 8.57 concentration of he- 
min 1.02 22910°° M and of cyanide 2 
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a HU ta a 
aaa lapp ; ney eS! (6) 
i] —f4 Ss = 
where k lapp (pseudo-first-order rate constant) Sua NG 
This equation can be integrated to give 
am ' 
(Viera). = (V' 4 ae be) gee - lapp ne nya! “ (7) 


(where V' is the voltage proportional to the concentration 
CPeMeNRa Le anys LiMn, arse Lee vOlLage™ proportional to 

the equilibrium concentration of MCN and aaa is proportional 
LoptLhesconcentrationsofenemingatecimes—07 ) 


For eg 2 the differential equation is: 


_ d(MCN.) 
ite aye i scrape Cy (8) 
(where Ses is the pseudo-first-order rate constant 


equal to Segal DO Gee Since eq: 1 is considered to be ih a 


Gapid equilibrium, eq 8 Can bel written as: 


d (MCN. ) 
fees SE Bon ly MCN) - MCN 9 
Ae k aan) eis CN.) (9) 


By multiplying and dividing eq 9 by M + MCN and dividing 


by MCN the following equation is obtained: 


d (MCN. ) Bg (M + MCN) 
AOD Sen era ee CL) eee ees (MCN. ) (10) 
dt = —2app 2 
ES il 


(MCN) 
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Buecubseieuiingscaqss) into Gpandurcarranging eqall a1s ob= 


tained: 
ms, Serie 
d (MCN. ) : k A Been + MER . a 
dt (CN) 4 Ky Dyvansy: No) iat) 


From conservation relations 


Nm M + MCN + MCN. (12) 


and bys imtroducing, equl2einto ell and rearranging eq 13 is 


obtained. 


a (MCN...) jie (CN) .M sie CN 
PE Oi Zapp Op0tm MeN Zapp! do one (13) 
at (CN) 4 + Ky 2 (CN) 4 + Ky -2app 


Similarly to eq 6 this equation can be integrated to give 


eet CEN) t 
é : 2 __2app 0 
Cree <( Guineasun Sor (14) 


whene) Vo as) proportional to the concentration of MCN, at 
any time t; V, is the voltage proportioned to ghepequa 1a, 
brium concentration of MCN, and Vo dis goropoxntd ona lg comiciie 
equilibrium concentration of MCN. Thus the two terns ain 
brackets contained in exponents in eqs 7 and 14 are equi- 
valent to apparent first order rate constants ands Gale oc 


considered analogous to the reciprocals of two relaxation 


(CN), + k ) (15) 
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2 
| k (CN) 
1 2app 0 
To (CN) 4 + Ky -2app (16) 


In order to separate out the two relaxation times, plots 
of logAV vs time were made where AV is equal to (V - V,). 
The slope of the line through the curve at long nage 0 
(t>°) is equal to + (Appendix 3), and by extrapolating 
to zero time, AV) i subtracteds rr rome tne minitialepart sor 


tThestrace,~corresponding=sto the first relaxation and the 


slope of this new time yields 


1 


T 


(k 


- = Sees ) . (ES) 


(CN) 9 a Fo Saray 


Ty and Ty are thestimesmtcaken, fom the Concentratzon of Le= 
actant to be reduced to Co/er where Co is the concentration 
atmtime equaletouzero, and e€9= 2.718... The log plots and 
resolution into two straight lines are shown in Figure ll. 
The relaxation times so obtained-are probably accurate to 
within 25%. In Table 3 the + values obtained at 22 pH's 
are given. 


By making plots of 


i vs (CN) 9 (16) 
ey: 
and 
(CN) 9° 
vs ———— (17) 


To (CN) 9 + Ky 
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reasonably good straight lines were obtained (Figures 12 
and 13). The slopes and intercepts of these two plots 


yield k k and k - These values are 


lapp’ “-1app’ “2app -2app 
listed in Table 4. 

Between pH's 8.7 to 10.0, only a single relaxation 
time was observed, which can be considered due to the two 
relaxation times approaching each other. The evaluation 


of the eigenvalues for a two relaxation Beoceeeae InvoLves 


anal wacnessoluLlonm Of anquadbaticeequatlron: 


+ =01/2(pe=ed) (18) 
where 
pe= 3 Seyeys + Rgevayatl UO WG : K_dapp i Sopeyae. CES) 
and 
= ier = 0 (ere ai eern ee: (CN), + 
q P lapp 2app 0 Pappe=Z2app 0 
(20) 
Lf 
esi erayay SSE NeTay 
Since only one +t value is obtainable and it is assumed 
that Ty is equal to To, then it can be shown that q = 0 
and therefore; 
+ = 1/2p (21) 


By eplGttuiigme/ avs (CN) gs the slope and intercept yield 


k + k ) respectivel as 
(Kapp + Kzapp) 2nd “-iapp * “-2app : vy 
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Ego Tose. 


Shel 


shown in Figure 14, These values are listed in Table’ Iv. 
The missociation constants) obtained from kinetic datarare 
treted in Table Vy. 

If the single relaxation process observed from pH's 
Be7ito 10.0 is due to a steady state inf that MCN is 


vanishingly small, then 


ad (MCN) ae 
aKs = 0 : (22) 
Tt can then be Eon that 
(CN) 7 k (CN) 
0 Pe Zzapp 0 1 
ee ge een eee Tk ; (23) 
B =lape, = Zapp —2app 


The Ke values are taken from Table 1 for total cyanide 


2 
Ding ngeate426emy). A plotyort (iy + (CN) 5 as (CN) 4 
K 
B 
Should Give ajstraight line with a slope of Kapp tape 


SD sy ondeanmantercept OF IS A aye.” FrompRaquve 25 sites 


clear that a steady state assumption is not valid. 
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0 1 2 3 4 
[CN ]ox 103 (M) 


PAguGcem 2eemel lOuROL reciprocal relaxation time, l/ty vs 


total cyanide concentration at various pH values. 
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10 20 30 40 
2 
CN 
Teno. 104 (M) 
[CN]o* Ky 
Pigucegls. Plot of reciprocal relaxation time, l/t5s vs 


(CN) 9” 4 


EO. 
SU Gh acta es 
(CN), + Ky 


M at various pH values. 
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0 2 
[cn], x 104 (M) 


Plot of 2/1 against total cyanide concentration 


Figure 14. 
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[CN], «10% (mM) 


Eagucce lo mmeles te LOr a steady state mechanism for the single 


relaxation process observed at hidhepH, fom cyanide Joni eXe Bm ete 


to hemin. If this mechanism were valid then jelleyes). eye 
(CN) a 4 
(1 + z ae NS} (CN) 9 x 10° M would be linear with a 
B 


positive slope. 


a a = 





ae ee ee eee 2 
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TABLE V 


Dissociation Constants Obtained from Kinetic Data for the 


Binding of Cyanide by Hemin in 44.5 Weight Percent Ethanol 


ee 
" Ki ° Ky 
pH -lapp =2app Ke 
lapp 2app 
x 10° M x 10° M x 10° 

6025 4.67 

6.50 2.60 8.40 218300 
Gah 2:48.60 6.80 195300 
7.00 B00 he, 2)) 59350 
es 22 0.76 5.24 40.00 
ee. 0 O32 2200 S10 
dee Go Ones 2 et 24.70 
{Pog ts) 0.64 3.40 21s 30 
7.85 0.20 3.70 7.40 
1.90 0.86 Sy 185) 44.10 
8.00 Omi 2.65 Loe 10 
8.00 Omen. Le Oils eres 
SiS 0&25 1.84 13.80 
Bie 25 0.03 Sah0 Les de 
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Discussion 

As shown in Figure 5, the absence of isosbestic points 
at low pH must indicate the presence of more than two ab- 
Ssopbing Gpecites in solution, aywhach is contrany £o €he behav= 
LOEMOf imidazole binding io hemin. / At high pH, from about 
Swe eeeherotase an TsOsbestic jormt at 202 mu (eagure 16) a> 
dicating the presence of only two absorbing species. How- 
ever othe Yack of Linearity of plots of AA/ [CN] vis AA, ade 
low as well as high pH, indicate the presence Of more than 
two absorbing species in solution. Above pH 8 the apparent 
isosbestic point may be caused by monocyano- and dicyano 
hemin having the same absorption spectrum. Thus there may 
be only two absorbing species in solution at pH 8 and above 
namely hematin and the cyano hemins. It has also been shown 
atethesce high ples (Figure 15) that a steady state mechanism 
is not valid, ruling out the presence of two species in sol- 
UtaGn at Low cyanide concentration. However, there appears 
tombe a tendency £0, aA steady state to Pecaae at higher 
cyanide concentration probably due to the saturation Of hes 
fin awit, cyan de. 

The best fit to the experimental data for the titration 
of hemin with cyanide was obtained for three species in sol- 
ution over the entire pH region. Equivalent fits to the 
experimental data were obtained for both total cyanide and 


CN binding to hemin (Tables 1 and 2) except at pH 7 and 
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below for CN binding based on measurements at 400 mu. It 
appears that the K's obtained for both total cyanide and 
CN binding are approximately equal and pH independent 
between pH 8.5 to 10. Below pH 8.5 there is an increase in 
the K,is GomEtota Srcyani de kbimding fawiils tet or CN binding 
the KAS are approximately invariant down to pH 7, though 
an sondertomimagnitude@lowerethan atphigh ~pHah) Thus «irom 
the ttutratvontdatagit .is lunclear gwhatethesreal ptrendsin 

the K's are and what species of cyanide bind to hemin. 

‘The K's from kinetic data, Table V, generally have similar 
values to those obtained from the titration method between 
pies. oS ands l0mwhichwmay, indicete thatgthe K,is are really 


pH independent throughout the pH region. The differences 


shown for the K.'s obtained at 426 and 400 my for the same 


B 
pH, are probably due to errors in the titration method. 
Theridissociabioeneconstant of Ls6é x Tome obtained by Maehly°® 


aeepHeaoa2a is close to the value of Noche 2605 108” M for 


totalecyanidelbandimghati pH 9525, mTableyieyqgthus it appears 
that this value obtained by Maehly was for the binding of 
one cyanide to hemin. 

In Table 3 it can be seen that the values of 7, are 
about, 25) times larger than 7.5, but drop to about seven times 
between pH 8 and 8.5. Tt the  ditterences between the 
values decrease further then Ty and T> would be of the same 
order of magnitude making the separation of the relaxation 


times very Giericultns. Between pH's 8.75 and 10 plots of 


regoe ord perk 


eer 


6 20.8 2'He “NN ewe 


ore 
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logAV vs time were linear with no indication of the pre- 
sence of another relaxation time. Thus independent Ty and 
Ty values could only be obtained to pH 8.5 as shown in 
Figures 16 and 17. 

In order to obtain a kinetic mechanism for the k 


lapp 


data (k = 1/t,) it was necessary to find constants by 


lapp 
trial and error and keep them as non-adjustable parameters 
in the equations used. If this was not done then some 
constants in most of the mechanisms tried would come out 
negative in the process of finding best fits to the experi- 
mental points. This may have been due to the sharp decrease 
piel “Teas values between pH's 8.0 and 8.5 and the absence of 
values above pH 8.5, so that the computer could not sense 
any trend in the data at higher pH except in a negative 
direction. By keeping some parameters constant as shown in 
TablesVl a reasonable £it to the Kiapp dabamcoulasbe ob— 
tained as discussed below. 

The simplest mechanism that will provide a reasonable 


fete cto. the..k data involves three ionizable groups on 


lapp 
hemin and can be written as mechanisms Le and Ih: 
y M(OH,) 5 7 
3 ei renee 
M(OH.,) OH + CN —— M(OH)CN 
Ky It (c=) 
M(OH) 5 
K 
5 ry 
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M (OH. ) OH 


4 1} Kk, (1) 
M (OH) . + HCN —— M(OH)CN 


Se db 


M* (OH) . 


From mechanism Ws it can be shown that 














k, 3 
ky K a Pere (26) 
app 
(i200 top tS Sa 
[H] [H] i 
and from mechanism Th, Hee eee be shown that 
‘ Reka 
2 D 
k = [H] aE) 
lapp K, KK, KK, Ke K, 
[H] [H] 


where Ky, is the dissociation constant of HCN. Mechanisms 


I. and I will reproduce the forward rate data and will 


predict exactly the same values of k at any given pH. 


lapp 
The existence of two equivalent fits is due to the inabil- 
ity of the kinetic method to distinguish between reactions 


OF the form: 


HM + CN > 
and 
M + HCN = 


The best fit values for the rate and equilibrium constants 


for both mechanisms Les and Ty using the non-linear least 
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Anat 
squares program are istedeins table Vi. (ib should be 


noted scthat Ka Ky and K, were used as non-adjustable para- 


meters with values of 1.5 x rir Valdes i) eens Sh the oe 


=O 
10 Mee ere OL the Kapp values predicted by eqs 


Powandm 7 omtherexperimentalidata Using tany orf tChelsecs 
Sreconctantesin Table Vlogs shown in Figure 16 where the 


solid line gives the predicted values of k 2 eS The pkK™s 


lapp 
CE etnemlonizaplesgroups omiemineare: 6.82, 0. 09and 7.9 of 
which only the latter value was obtained as an adjustable 


parameter from the computer fit. The latter two constants 


have essentially identical values which may have caused the 


narrow siapp peak. 
From a nuclear magnetic resonance study of solvent 
exchange: on henna it appears that M(OH.) 5 TSpaneed Uist is. 


brium mixture of diaquohemin and aquoethanol hemin, and 

M (OH. ) OH a mixture of hydroxyaquo- and hydroxyethanol hemin. 
The pH titration curve of hemin, Pugure. 2, shows aysingle 
inflection point at about pH 6.7 which may correspond to a 
single dissociable Prous most probably the equilibrium 
between M(OH.,) 5 and M(OH.) OH. The forms, OL thevotnerstwo 
ionizable groups are not known. However it May, bem specus 
lated that the species represented by M(OH) 5 and M* (OH) 5 
are a dihydroxy- and ethoxyhydroxy hemin respectively. 
There may also be a conformational change in the shape of 
the hemin molecule affecting the binding OLNGVantde el aat 


other species of hemin are present is strongly suggested by 
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TABLE VI 


Rate and Equilibrium Constants of Mechanism I 


Constants I I 


a b 
aes 

Ky (2.2 + 0.2) x 10 

AG -7 
K, BR 26 1.5 = 0 
Ky Lf) se are fh.) =e koe 
Ke Gla 2 Walb) Be alone Gis SAC) oe 
K awe se i Ala se eo 





iY ee 


Soge 





vs pH for the binding of cyanide 


Figure Gee eb.LOteO Lak 


lapp 
to hemin with error limits of +25% shown for the Shorey 
values. The solid line is calculated using the best-fit 


parameters of mechanism I. 
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the asymmetry of the titration curve (Figure 3) about the 
Ene lecevonepoint,, at pHeG. /.etne lack of other discrete 
inflection points may be due to similar slomenneciae spectra 
of the species represented in mechanism I, and dissociation 
constants which are possibly very close to each other. 

The simplest mechanism that will explain the ieee 


data involves two dissociable groups on hemin and can be 


written as mechanisms II, to Ii.: 


k 
. M(OR)CN + CN) > M(CN) , 
6 tt k 
24 M(OR)CN + CN7—2> M(CN) 5 (cu) 
7 it 
M* (OR) CN 
* M(OR) CN 
6 adit Luis 
M(OR)CN + /CN => M(CN), 
k 
Ko | HCN —> M(CN) 5 Sea 
M* (OR) CN 
M(OR) CN 
K 
6y mecheh e 
M(OR)CN + HCN =» M(CN), 
i, PEON K (I) 


M* (OR)CN + HCN —2> M(CN) 5 


The symbols OR' and OR stand for OH and OS stim but we 
have no way of identifying particular species. From mech- 


anism Il, it can be shown that 


we 
k3 + kaTa) me 
k ae 
2app Ke KK H] 

















eft goode (£ coupe) eyviau> notes Bo ve 
ajeaseib umizo Go doit af? ..0 Tey ap aN coq Ae 
exjooge coitqiosds «eLittie oF sHb ag Yan Sacheg nos 1 f ‘ 


ae ; } a 
folteioode rh bae .1 aigivsisem ot, seeneages a ata aria 20 | rn am 
A | f 
»t9at6o ‘APES oF Ganin yrov VidclLeded e356 dekde aInSA EMO: ‘ 


qqcs> eis nitlusy tliw i543 eednedosm deeieniea sat a 
;QGa ‘i 
doneo bce nine! no egivore <idetoosdi® ows seplegn) agam 


[tl of tf ete rnndoum as nective 


oa | 
ato. M —— HD + vif AO) K 
. ap a + ; a ; 
i. 32) .i4o)M —— Wo + Boho)’ _ | 
-o a { iL : Xt a 
. HD ( AO} ee | ey 
2 . a 
{9 (363M * ad : . re 
ae 1 4 a 4, 
g{Zaye MS ~ Wo(sO)e a 
' j ~~ { . ‘ 
Ne t) < if _—— | j [ cH ; 
42 (HO) *M 
- 
’ 
. A (a0) a wr 
2% {) @ ae 
: g (HOM a ume ADH + 43 (R03 : rr 9 = 
(3) _3f | | . ct 7 : <0 } 


eit). —- KOM + woCaDheM 





oe vepiooge cena tyttsnebs Yo y 


a = mA 


Be ue BOS ts” 9S 8 Soke 5 an 0 ath 






-100= 


for mechanism II 








b 
eee. 
. z 5H 
2app K KK K (25) 
(lt ep + = + TD 
[H] 
Re abe 
if 4—[ 1] 
K IK alk 
a+ + Spat ey 
: [H] L 
and for mechanism II 
K KK 
6 bn 
Zapp Ke KK L 
(1.00 + THT + x) (1 + i 
[H] 


Mechanisms rl, to Il, will reproduce the forward rate data 


and predict exactly the same values of k at any given 


Zapp 
pH, for the same reason as given above. 

The best fit values for the rate and equilibrium con- 
stants for the mechanisms Il, oO Il, using the non linear 
least squares program*+ are listed in Table Vil.. Only the 
DkeO UCN ROR souwas used as a non adjustable parameter. 
Wa beanie (he Aelel= app values predicted by equation 28 to 30 
to the experimental data using any OL thessets 07 constants 
in Table VII is shown in Figure 17, where the S0l1d sbine 
gives the predicted values GEecne Kapp da tac lic pK's 


Greece Sh eb Asn groups are 7.33 and 8. De 


The pH titration of hemin cyanide complex (Figure 7) 
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TABLE VII 


Rate and Equilibrium Constants of Mechanism II 


eg pi Te Il, it 

Re (2.2+0.6)x10° 

k, (50s \x10- G eo ear 

k. (ine Onc) 04 (1.5+0.1)x107 
Ke (2.7£0.8)x10 
Ke (4.905) x100° (4720. 3)2L00) Bd. 72053) x10) 
K, ‘Sr spas G2) See 4 2. Sear 
K eis se MOY ila ai yah coat 
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Wigure 1/2 ~Plot-of Kapp Vo pH. The solideline si sechac 


predicted using the best-fit parameters of mechanism II. 


The circles are experimental points with error limits of 


25%. 
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shows the presence of other dissociable groups at pH's 
above 6.7, with inflection points at about 8.5 and 10.5. 
The inflection point at pH 8.5 may represent an equilibrium 


between aquocyano hemin and hydroxycyano hemin, and at 10.5, 


between ethanolcyano and ethoxycyano hemin. The presence 
of the inflection point at about pH 8.5 gives added mean- 
ing to K (Mechanisms II, = II) since its value falls 
within the region of this inflection point. That an equiva- 
fenteintlecticn PpOlnlt CO Ke is not observed may be due to 
overlapping of the titration curves between pH 6.7 and 8.5. 
The inflection point at pH 10.5 would not be expected to 
prayvascole giead independent Sieseays and Kapp data could 
not be obtained in this region. Mechanisms i? and I, show 
that M(OH,) 5 does not bind to cyanide, and its presence is 
not necessary in Mechanisms Ti, to Il: This#istpessabile 
for as shown in Figure 7 the inflection point of hemin 

at 6.7 appears to be unaffected by the presence of l x 


1073 


Mecyvanide. in Table III it can be seen that gener- 
ally the concentration of cyanide hardly exceeded 1 x 

10°27 M. At higher cyanide concentrations the inflection 
points ated. o and HORS disappear indicating that the dissoc- 
iable groups have been displaced by cyanide so that tae 
absorption spectrum is no longer affected, forming one 
species, dicyanohemin. But at lower pH the inflection point 
initially at 6.7 begins to shift to lower pH. This pro- 


bably means that dissociable groups on hemin have not been 


displaced by cyanide in this region. If CNBEis the binding 
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ligand at low pH then it is possible that protonation of 
the bound cyanide ligand is being monitored. The non 
adjustable parameters of K in mechanism I and Ky sl 
both mechanisms I and II where also obtained by the pH 
titration of hemin and cyanide (Figures 3 and 4) which 
give a further measure of credibility to the mechanisms 
obtained. 

No attempt was made to analyze the K_iapp and ape 


data due to the random nature of the experimental points. 
The binding of cyanide to hemin is different to that 
of imidazole binding to hemin’, The difference could 
possibly be explained by simple electrostatic effects. If 
CN is the main form of cyanide that binds to hemin there 
would be a tendency for it to be repelled by the negatively. 
charged hemin. Thus it would be expected that the rate of 
binding of the second CN ion would be even slower than 
the first, due to an increase in the negative charge on 
the monocyano hemin complex. There would be no tendency 
for repulsion of the imidazole ligand. If the imidazolium 
ion is the main form of imidazole that binds to hemin, 
there would be a strong electrostatic attraction to the 
negatively charged hemin with an increase in the rate of 
binding relative to that of CN. Once the first imidazol- 
ium ion has bound to hemin, the ligand in the trans posi- 
tion to it may become labilized resulting in the second 
imidazolium ion binding even faster, creating the steady 


state condition. 
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Appendix I 


Equation for a steady state mechanism 
PoeMONGinecd ius in Vanishingly small quantities then a 
steady state mechanism is predicted where 


d (MCN) 


ce ee. (I) 


andmchnesoverall dissociation constant is 


— —-.2 
Kniss mS (IT) 
[MC om” 
where the bars indicate equilibrium concentrations. 
From conservation relations 
Mee ee CN (Teist)) 


0 2 


where Mo is the total concentration of hemin, and the total 


absorbance is 


iN es EM + e, MCN, CAV) 


where A = absorbance, and €, are extinction cCock£icients. 


m0) 
Bye nerocucing eq (111) jinto (1V) and rearranging the follow- 
ing equation is obtained: 


MCN. = (Vv) 





where Ay is the absorbance due to hemin only. 


Tilo ODVLOUSs that 


M =— (VI) 
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Appendix 1 (continued) 


anomoverineroducing eqse( fll) ymiv) sand) (Vi) =intc eq (11) 


and rearranging the following equation is obtained: 


A-A A A-A 
® oO. 0 2 
Kprss‘e,=e,) = om eeey7 aca (Vit) 





A-Ap can be designated AA, then equation (VII) can be re- 


arranged to give: 
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If the steady state mechanism is valid then a DLOL.OL 
AA/{CN] 7 vs AA should be linear with the slope giving the 
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Appendix II 


Equa tloneron thesti tration. of hemin with cyanide 


From eq 1 and 2 there are three absorbing species in sol- 


Meron sven that: 


A = e,M + € MCN + e,MCN., Ci) 


wheresbarsmeindicate equilibraumeconcentrations,of wthe 
three absorbing species in solutions, and Eqr & and E3 
extinction coefficients of the three respective species. 


From conservation relations 


Me = M + MCN + MCN. (X) 
and My is the total concentration of hemin. 
fis ft, and f3 Tepresentstractionseor jehese three species 
Such that 
fr tote ta sit (XI) 


By introducing eq (XI) into (IX) the following equation is 
obtained: 

A = (e,f) + eof, 4 e,f,)M, (XDD) 
From eqs 1 and 2 it can be shown that 


fy 
ees Select (XIII) 
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fo 
and kK, = --(CN] (XIV) 
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Appendix II (continued) 


andeby Binecoducing» eqs (KILL) "and e(XiV) into (XED)**the 
following equation is obtained: 


a £4Ky © 3 [CN] 
Ale Myf. any +e, + ——) (XV) 


Byediviaung equ (Xi). by fo, rearranging, and then substitut- 


pnCgmUICOmed soy) mtneecOllowingsequation aspobtained : 


eres € 
Aaa et — yeelvlen gigpet len! 


[onl 5 K, ) | (XVI) 





Thismequatbion scan be wuscd withea non-linear Veast-squares 
program to yield best fit values for Ky Kor €49 5 and 
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Appendix III 


Awusetul procedure) for the separation of relaxation 


Eafe me 


The signal amplitude AV is given by 


AV = 5 AV. ee 
LO 


a 


(XVII) 


where AV is the difference between signal at t=t and t=« 
and ne is the difference between signal at t=0 and t=~-. 
PD vOtrO seVOGm Vays stuwlllebemcunved: lige.) VAL ance 
Crentl yeLongetimess all or thesterms of the series except 
that characterized by the longest relaxation time, say 
the ee Viele eC OMLOmce GOMm—E LU smoms iba elt mesCanl pe 
drawn ania Eheseubve sacs long etimes (t2>) lands the allen 


ation time and AV eg determined. This term can now be 


subtracted from the series, and the resultant series is 


n-1 


AV => AN 
i Oe 


aaa (XVIIT) 


Repetition of this procedure will yield on relaxation times. 
In practice if the relaxation times do not ebinmieene lei she 


least a factor of two, resolution of the relaxation spec- 


trum is not possible. 
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